Radicals formed by SmI 2 eH 2 O-mediated electron transfer to the carbonyl group of unsaturated fivemembered lactones undergo diastereoselective cyclisation to give cyclohexane-1,4-diols. The use of HMPA as an additive with SmI 2 eH 2 O gave improved conversion and diastereoselectivity in the cyclisations.
Introduction
Oxygenated cyclohexanes are ubiquitous substructures among complex terpenes with a high biological profile and new stereoselective methods for their facile formation are always in demand (Fig. 1A) . 1e6 Samarium diiodide (Kagan's reagent, SmI 2 ) 7 has a long track record in the selective formation of carbonecarbon bonds. 8 We have recently expanded the already large repertoire of SmI 2 by developing new substrate activation modes involving electron transfer (ET) to carboxylic acid derivatives using SmI 2 eH 2 O under mild conditions. 9 This discovery has led to our development of novel functional group transformations 10e17 and highly selective radical cyclisation processes involving carbonecarbon bond formation.
10b,11a,17e20
The reactivity of the radical anion formed during the SmI 2 eH 2 Opromoted reduction of carboxylic acid derivatives is a key factor in these reactions. 9 For example, in the reduction of lactones using SmI 2 eH 2 O, radical intermediates are stabilised by hyperconjugation with the neighbouring oxygen atoms and also by H 2 O. 10a,10b,10d We recently demonstrated that the first electron transfer to the lactone carbonyl is reversible for lactones of various ring sizes 10d, 16 and this reversibility can limit the ability to do productive chemistry. For example, six-membered lactones can be reduced to diols using SmI 2 eH 2 O as the intermediate radical anions are quickly reduced.
10a,10b The analogous reduction of five-membered lactones to diols, however, cannot be achieved with SmI 2 eH 2 O as the corresponding radical anions undergo back ET to Sm(III). 10a,10b,10d Nevertheless, reductive transformations of fivemembered lactones 1 using SmI 2 eH 2 O may be possible if the radical anion 2 could be efficiently trapped by an appropriately placed radical acceptor prior to back ET to Sm(III). Importantly, trapping radical anions 2 would result in carbonecarbon bond formation and deliver cyclohexan-1,4-diols 3 after in situ reduction of a cyclohexanone intermediate (Fig. 1B) . Here we describe the first cyclisations of simple five-membered lactones triggered by single ET to the lactone carbonyl.
Optimisation of the cyclisation
The feasibility of the radical cyclisation was assessed using the five-membered lactone 1a (Table 1) . Pleasingly, cyclisation product 3a was formed cleanly using SmI 2 eH 2 O, with only traces of acyclic diol byproduct 4a formed. Increasing the amount of H 2 O from 800 to 1600 equiv (100 and 200 equiv wrt SmI 2 , respectively; entries 1 and 2) did not affect the conversion or the diastereoselectivity of the reaction. Higher amounts of H 2 O, however, had an increasingly detrimental effect on both conversion and diastereoselectivity (entries 3 and 4), and a larger amount of reduction product 4a was also observed. 
Scope of the cyclisation
With various effective cyclisation conditions in hand, we next synthesised a range of lactone substrates to assess the generality of the process: easily accessible lactone 5 23 underwent cross-metathesis 24 with various styrenes to give lactones 1aei in moderate to good isolated yield (Scheme 1).
Substrates 1aei underwent cyclisation upon treatment with SmI 2 eH 2 O and SmI 2 eH 2 OeHMPA (Scheme 2). In most cases, oxidation of the cyclisation products 3 using the DesseMartin periodinane (DMP) was used to simplify isomeric mixtures and clarify the diastereoselectivity of the cyclisation event. This transformation also offers a versatile platform to access other compounds of significant synthetic potential. 25 X-ray crystallographic analysis of 6a and 6b confirmed the relative configuration of the major diastereoisomers arising from the cyclisation (Fig. 2) . 26 Conversion was found to be inconsistent when SmI 2 eH 2 O was used possibly due to variability in the decay of Sm(II) over the extended reaction times. When HMPA was used as an additive, higher conversion and higher diastereoselectivity were observed. Substitution in all positions of the aryl substituent on the alkene was tolerated and products were obtained in moderate to good isolated yields. Interestingly, lactones 1b and 1c containing a halide substituent in the 2-position of the aryl group on the alkene, gave the corresponding cyclisation products 6b and 6c, respectively, with higher diastereocontrol than that observed for other substrates. Furthermore, the use of HMPA as an additive increased the selectivity of the cyclisations of 1b and 1c, and 6b and 6c were obtained in !95:5 dr and 93:7 dr, respectively. The cyclisation appears to proceed through the mechanism shown in Scheme 3A for 1a: the radical anion intermediate undergoes cyclisation though the transition structure I to give radical II, which is then further reduced and protonated to furnish 3a.
Discussion
The use of additives such as NEt 3 21 and HMPA 22 is known to generate more-reducing Sm(II) reagents in situ. In this case, however, the higher conversion observed when adding NEt 3 and HMPA to the reaction likely results from the additives promoting the ratedetermining cyclisation of radical anion intermediates 2 (vide infra). In this regard, it is important that the Sm(II) reagent is tuned to limit the rate of ET reduction of 2 and generation of acyclic diols 4. The use of HMPA as an additive with SmI 2 eH 2 O, not only led to higher conversion but also gave higher diastereoselectivities in the radical cyclisations. Flowers has investigated the post-ET role of HMPA in the intramolecular addition of ketyl radicals to alkenes and has proposed that HMPA activates ketyl radicals by sequestering Sm(III) and generating a dissociated ion pair that is more reactive in carbonecarbon bond formation.
22d A similar HMPA effect could account for the higher conversions observed using 
Conclusion
Radicals formed by SmI 2 eH 2 O-mediated electron transfer to the carbonyl group of unsaturated five-membered lactones undergo diastereoselective cyclisation to give cyclohexane-1,4-diols. The use of HMPA as an additive with SmI 2 eH 2 O gave improved conversion and diastereoselectivity in the cyclisations.
6. Experimental section 6.1. General information THF, NEt 3 and CH 2 Cl 2 were freshly distilled before use. THF was distilled over sodium wire and benzophenone; CH 2 Cl 2 and NEt 3 were distilled over calcium hydride. All other solvents and reagents used were purchased from commercial suppliers and used according to relevant guidelines. 1 H NMR spectra were obtained at room temperature on a 400 MHz or 500 MHz spectrometer. (m). IR data was obtained from neat products and values are reported in cm
À1
. TLC analysis was carried out on aluminium sheets coated with silica gel and visualised using potassium permanganate solution and/or UV light.
5-Allyl-5-methyldihydrofuran-2(3H)-one (5)
According to the procedure reported in the literature, 23 
(E)-5-(3-(2,5-Dimethylphenyl)allyl)-5-methyldihydrofuran-2(3H)-one (1h). Prepared according to general procedure A using 5
(100 mg, 0.713 mmol), 2,5-dimethylstyrene (313 mL, 2.14 mmol) and HoveydaeGrubbs second generation catalyst (4 mg, 7.10 mmol) in degassed CH 2 Cl 2 (1.8 mL). The crude product was purified by silica gel column chromatography (hexane/EtOAc, 100:0 to 90:10). The title product was obtained as a colourless oil (96 mg, 0.321 mmol, 45%). 1 6.3.10. (E)-4-Methyl-7-phenylhept-6-ene-1,4-diol (4a). LiAlH 4 (39 mg, 1.02 mmol) was added to a stirred solution of lactone 1a (100 mg, 0.462 mmol) in Et 2 O (4.6 mL) at 0 C. After 30 min the reaction vessel was opened and 1 M HCl was added. The mixture was extracted with CHCl 3 (3Â10 mL), the combined organic fractions were washed with NaHCO 3 (10 mL) and brine (10 mL), and then dried (MgSO 4 ) and concentrated. The crude product was purified by filtration through a short pad of silica gel with the aid of CH 2 Cl 2 . The title product was obtained as a colourless oil (80 mg, 0.365 mmol, 79% 
(E)-5-Methyl-5-(3-(naphthalen-2-yl)allyl)dihydrofuran-2(3H)-one (1i

General procedure B: lactone radical cyclisation
All lactone radical cyclisations were carried out with and without HMPA. For a detailed description of the procedure without HMPA see the preparation of 6a. For a detailed description of the procedure using HMPA as an additive see the preparation of 6c. 6.4.3. trans-2-(2-Fluorobenzyl)-4-hydroxy-4-methylcyclohexan-1-one (6c). To a flask charged with 0.1 M SmI 2 in THF (17.1 mL, 1.71 mmol) were added degassed distilled H 2 O (3.1 mL, 171 mmol) and HMPA (2.4 mL, 13.7 mmol). The resulting deep red solution was stirred for 5 min before adding dropwise a solution of lactone 1c (50 mg, 0.213 mmol) in THF (0.5 mL). The mixture was stirred at room temperature until it decolourized. Rochelle's salt saturated solution was added and the mixture was extracted with Et 2 O (3Â15 mL) and the combined organic layers were washed with 1 N HCl, saturated aqueous NaHCO 3 and brine, dried (MgSO 4 ), and concentrated under vacuum. The resulting crude diol was dissolved in dry CH 2 Cl 2 (2.3 mL) and DesseMartin periodinane (115 mg, 0.271 mmol) was added in one portion and the resulting mixture was stirred at room temperature. The mixture was stirred for 4 h before being quenched with a mixture of saturated aqueous solution Na 2 S 2 O 3 /NaHCO 3 (1:1, 10 mL). Layers were separated and the aqueous fraction was extracted with CH 2 Cl 2 (3Â10 mL). The combined organic layers were dried (MgSO 4 ) and concentrated under vacuum. The resulting crude mixture was purified by silica gel column chromatography (hexane/EtOAc, 90:10 to 85:15). The title product was obtained as a 93:7 mixture of diastereomers (24 mg, 0.102 mmol, 48%). The major diastereomer could be isolated and was obtained as a white solid: mp (CH 2 Cl 2 ) 69e72 C. 4.48 mmol). The diol product was then oxidised using DesseMartin periodinane (45 mg, 0.105 mmol) in CH 2 Cl 2 (1.0 mL). The resulting crude mixture was purified by silica column chromatography (hexane/EtOAc, 90:10). The title product was obtained as a 86:14 mixture of diastereomers (7 mg, 0.0259 mmol, 37%). The major diastereomer could be isolated and was obtained as a colourless oil. 1 
trans-2-Benzyl-4-hydroxy-4-methylcyclohexan-1-one (6a
